terestingly, reproductive aging effects on the GnRH circuitry are observed in middle age even prior to any obvious physiological changes in cyclicity. We speculate that the hypothalamus may play a critical role in this mid-life transition. Because there are substantial species differences in these aging processes, we also compare and contrast rodent aging to that in primates. Work discussed herein shows that in order to understand neuroendocrine mechanisms of reproductive senescence, further research needs to be conducted in ovarian-intact models. Copyright © 2012 S. Karger AG, Basel General somatic aging and reproductive aging (the latter referring to the germ cells and the reproductive axis) are distinguishable but overlapping and interacting senescent processes, leading to mortality and reproductive failure, respectively [1] . Reproductive aging occurs widely among mammalian species, ultimately resulting in diminution and loss of fertility [2] . In humans, women undergo a transition to reproductive senescence, called the perimenopausal transition. This process involves many changes to the reproductive system and results in physiological and psychological consequences due to hormonal loss. It is important to note that 'menopause' is
a discrete event during this process; it is clinically diagnosed after one year of amenorrhea. In order to understand the factors that underlie menopause, it is necessary to investigate the central and peripheral changes that precede it. In other words, the perimenopausal transition is an excellent period to investigate factors leading to menopause. Because of our own laboratory's interest in the hypothalamic control of aging, and the greater feasibility to perform studies on hypothalamic genes/proteins controlling reproduction in rodents, we focus this article on rat models of the natural reproductive transition. However, we begin with some brief description of what is known about mechanisms of menopause in humans.
Menopause in Women
The transition surrounding the menopause appears to be a critical period during which neurobiological and peripheral systems undergo profound changes. During the perimenopausal transition, menstrual cycles first become irregular in length and timing before eventually ceasing at approximately 51 years of age [3] . Women can be classified as premenopausal (regular menstrual cycles), perimenopausal (irregular menstrual cycles), or postmenopausal (1 year after amenorrhea) to distinguish their progress in the menopausal transition. Women experience vasomotor dysfunction, insomnia, mood changes [4] , and increased probability for osteoporosis [5] , cardiovascular disease [6] and neurodegenerative disorders [7] . Declining oocyte number and survival contribute to the reduced reproductive potential of perimenopausal women [8] . Many women seek therapies for their perimenopausal symptoms, and research in this field has the potential to introduce novel treatments, especially when that research focuses on the perimenopausal transition.
Endocrine changes in women undergoing reproductive aging are tightly related to ovarian decline. Gonadotropin secretion from the anterior pituitary changes with aging, exhibiting increased serum follicle-stimulating hormone (FSH) and later increased basal luteinizing hormone (LH) concentrations [8] , primarily due to the removal of negative feedback from ovarian hormones onto the hypothalamus and pituitary. LH and FSH secretion are both regulated by gonadotropin-releasing hormone (GnRH) release from the hypothalamus; however, FSH is also regulated by ovarian inhibins and activins [9] . The increase in FSH levels seen as an early marker of menopausal progression is likely due to a decrease in circulating inhibins and increases in activins [10] and may be better associated with age than with menopausal status [11] . Decreases in inhibin B and anti-Mullerian hormone (AMH) levels can also be used as endocrine predictors of menopause [12] . As ovarian decline takes place, circulating concentrations of estrogens and progestins are also dramatically altered. Perimenopausal women have similar or increased estrogen levels as compared to young women, and overall estrogen levels appear to fluctuate widely from month to month [13] . Eventually, estrogen levels begin to decline and reach their nadir postmenopause. Progesterone levels appear to decline with aging, and urinary progesterone metabolites were decreased in perimenopausal women compared to young women [14] .
Despite the myriad ovarian changes that take place in humans, there is limited evidence that the pituitary and hypothalamus may undergo age-related changes. For example, the pituitary response to GnRH was decreased with aging in women [15] . Also, using GnRH antagonists to indirectly assess the relative amount of GnRH in postmenopausal women, it was shown that GnRH increases with aging [16] , although GnRH pulse frequency decreases, as measured by gonadotropin free ␣ -subunit [17] . Finally, LH surges are only found in half of the perimenopausal women who show estrogen peaks, indicating failure of the hypothalamic/pituitary system to respond to estrogen positive feedback [18] . Thus, while most research has focused on ovary, there are age-related changes at all three levels of the hypothalamic-pituitary-ovarian axis of women.
Nonhuman Models of the Perimenopausal Transition
Menopause research has benefitted greatly from the use of animal models. Nonhuman models give researchers more control over their subjects to reduce potential confounding variables, such as exposure to birth control, diet, and hormonal levels. There are also more experimental manipulations and endpoints available to researchers of animal models. In particular, it is not possible to directly access GnRH neurons in the brain of human subjects, limiting the types of studies that can be done to investigate neuroendocrine contributions to menopause. In the following sections, we provide a short description of data from nonhuman primate models of menopause. Then, our review of the neuroendocrine control of reproductive aging will focus on the rodent model, as the majority of studies are conducted in this model, and the hypothalamic GnRH circuitry is well established.
Nonhuman Primate Models
Nonhuman primates such as macaques go through menopause at the end of their lifespan, approximately 25 years of age [19] [20] [21] . Monkey models show similar patterns of irregular menses [19, 20] and circulating hormones to women during the perimenopause. Aged perimenopausal monkeys show: (1) increased FSH levels in urine [22] and plasma [21] , (2) increased plasma LH concentrations [23] , (3) declining serum estradiol [20] , (4) decreased AMH levels [21, 24] , and (5) decreased levels of inhibin B [21] ( fig. 1 ) . Also, perimenopausal nonhuman primate models show oocyte depletion consistent with decreased follicular reserve [25] . Thus, in both humans and nonhuman primates, ovarian decline plays a critical role in reproductive aging. As in humans, there is also some evidence that there are also important neuroendocrine changes taking place. In aged perimenopausal rhesus monkeys, pulsatile GnRH release, particularly GnRH pulse amplitude, is increased in aged monkeys, consistent with the decreased peripheral estradiol levels and the removal of negative feedback [26] .
Rodent Models
Although rodents do not go through menopause, the rat hypothalamic-pituitary-gonadal (HPG) axis is highly conserved with that of other species [27] , and rats undergo reproductive failure at middle-age in a manner that in many ways closely approximates the perimenopausal transition [28] [29] [30] . As they enter middle age, female rats can be grouped into regularly cycling, irregularly cycling and acyclic categories, similar to premenopausal, perimenopausal, and postmenopausal (respectively) stages in women and nonhuman primates. For purposes of this review regularly cycling rats have 4-to 5-day estrous cycles, irregularly cycling rats have prolonged cycles of 6 days or more, and acyclic rats are in persistent estrus (cornified epithelial cells) or persistent diestrus (leukocytic cells). This transitional process begins at approximately 10-12 months of age and can last for several months [29] .
There are many differences between female rat and primate reproductive aging. In contrast to women, rats do not undergo ovarian failure at middle age. Transplantation of ovaries from old rats to young adult cycling rats did not alter cycling activity in the young animals [31] . By contrast, perimenopausal women experience decreased fertility, coinciding with diminishing ovarian follicles, declining oocyte quality and subsequent changes in ovarian hormone serum concentrations [32] . This key difference limits the aging female rodent as a model of menopause. To get around this limitation, many studies have utilized ovariectomized rodents to mimic the dramatic loss of ovarian follicles and steroid hormones. As discussed below, there is also considerable value in taking advantages of comparisons among species undergoing natural senescent changes, particularly when the endpoint is hypothalamic function.
While ovarian atrophy appears to be an important species difference between primates and rodents, the fundamental changes in the GnRH neuronal circuitry underlying the transition to reproductive senescence appears to be more highly conserved across mammalian s pecies, possibly due to the high homology of GnRH structure, release, and neurocircuitry. For instance, kisspeptin, a neuropeptide involved in the regulation of GnRH secretion, is critical for both human [33] [34] [35] and rodent [36, 37] reproductive function. Kisspeptin upregulates GnRH secretion as measured directly in rodents [38] and nonhuman primates [39] . However, the neuroanatomy of the kisspeptin system differs between primates and rodents. Both have kisspeptin neurons in the arcuate nucleus [40] , but rodents also have kisspeptin neurons in the anteroventral periventricular nucleus (AVPV) [41] , a region that is not as clearly defined in primates. A recent study in humans observed a population of kisspeptin neurons in a rostral region of females, which may be anatomically analogous to the AVPV in the rodent [42] . In all these species, kisspeptin input onto GnRH neurons is stimulatory, so the fundamental circuitry appears to be conserved.
Ovariectomized versus Ovarian-Intact Animal Models
Although menopause can be surgically induced to take place very quickly through removal of the ovaries (oophorectomy), the natural transition to acyclicity in women can last for several years [43] . Models of senescence by ovariectomy or pharmacological treatment are extremely valuable. However, they do not allow the study of the natural transition to acyclicity, whose mechanisms are still largely undefined. This is a critical gap in knowledge since the majority of women undergo a natural, and not a surgical, menopause. We will return to the natural aging model momentarily, but we will briefly discuss the ovariectomy model. Age at ovariectomy must be taken into account in interpreting these data, as it is clear that there are age-and cycle status-related brain changes that occur independently of removal or replacement of hormone treatment. When age and previous cycle history was taken into account before ovariectomy, Scarbrough and Wise [44] found that LH pulse amplitude and frequency decreased in middle-aged rats. In that same study, further significant decreases in LH concentrations were found in middle-aged irregularly cycling and persistent estrus groups.
Furthermore, ovariectomy as a model of the precipitous loss of hormone feedback does not necessarily reproduce results found postmenopause. For example, in older, menopausal women NPY mRNA was increased in the medial basal hypothalamus [45] . However, ovariectomy of young female rhesus monkeys did not produce the same increase [45] . These differences could be attributable to age or species differences, but they raise the point that ovariectomy in a young animal does not necessarily reflect similar changes in the aging brain. A recent study by Eghlidi et al. [46] on female rhesus monkeys beautifully highlights differences between the intact and OVX aging models. This paper showed substantial differences in hypothalamic gene expression profiles depending upon ovarian status. In intact monkeys, gene expression of Kiss1 and neurokinin B in the arcuate nucleus-median eminence were substantially increased with aging. Ovariectomy of monkeys at young and old ages upregulated expression of these same genes in a manner that obliterated the age difference seen in the intact group. Thus, ovarian status is a key factor to take into consideration in understanding hypothalamic age-related changes. To fully understand neuroendocrine changes that take place during the transition to acyclicity, it is often necessary to utilize models of natural reproductive decline.
Reproductive Senescence and the Hypothalamic-Pituitary-Gonadal Axis
Reproductive function in females is controlled by coordinated interactions among the three levels of the HPG axis. There is feed-forward regulation from hypothalamus (GnRH network) to pituitary (gonadotropins) to gonad (steroids, proteins). There is also feedback regulation. During the period of positive feedback prior to ovulation, increasing estrogen levels cause a GnRH surge, closely followed by an LH surge, leading to ovulation. Although direct evidence for preovulatory GnRH surges in women is lacking [47] , another study in humans provides indirect evidence [18] . In this latter study, although GnRH could not be measured in women, results showed the occurrence of LH surges associated with preovulatory increases in estradiol in some perimenopausal women, while other women experienced rises in estradiol but no LH surge. Monkey studies provide more direct evidence for both a spontaneous GnRH/LH surge in intact animals [48] , as well as a steroid-induced GnRH surge in ovariectomized monkeys [49] .
Role of Gonadotropin-Releasing Hormone Neurons
Although all three levels of the HPG axis likely undergo age-related changes, accumulating evidence suggests that modulation of GnRH neurons is an initial factor in reproductive senescence, playing a greater (rodents) or lesser (primates) role in driving this process. The release of the GnRH peptide from these neurons drives the onset of puberty and enables ovulation to occur [27] , and as such has been hypothesized to contribute to the cessation of ovulation and cyclicity during reproductive decline. Evidence for a role of GnRH in aging is shown by: (1) in middle-aged rats, there are changes in pulsatile LH release [44] ; (2) the preovulatory GnRH/LH surge is delayed and/or attenuated with age in rodents [50] [51] [52] [53] [54] ; (3) the preovulatory-associated increase in GnRH gene expression is not detected in aging rats [55] , and (4) GnRH functional activity, as indicated by coexpression of GnRH neurons with the immediate early gene c-Fos, is decreased at the time of the preovulatory surge in rats [51, 56] . Together these studies suggest there is a loss of preovulatory GnRH drive at middle age. Because these effects take place in regularly cycling middleaged rats, GnRH dysfunction at middle age likely contributes to the transition to acyclicity that occurs later in life.
Stimulatory/Inhibitory Inputs to GnRH Neurons Change with Reproductive Aging
Modulation of GnRH neuronal function with aging could arise due to alterations in intrinsic properties (GnRH cell numbers, morphology, gene expression and release) or extrinsic regulatory inputs (afferent inputs from neurotransmitters, neurotrophic factors and steroid feedback). GnRH neurons do not show changes in number at middle age [54, 57, 58] , thus more research has focused on the myriad neurotransmitters, neurotrophic factors and steroid hormones that regulate GnRH secretion. These factors can act directly on GnRH neurons or indirectly through the action of interneurons. In rats, Reproductive age a Postreproductive age b Fig. 2 . Regulatory inputs to the GnRH neuron, as well as the surrounding glial micro-environment, undergo modulation with reproductive aging. This model depicts the situation in aging rodents. Regulation of GnRH release can take place at the GnRH perikarya in the preoptic area or at the GnRH neuroterminals in the median eminence. The stimulatory influence of glutamate (GLU) and kisspeptin (KISS) on GnRH neurons decreases in middle-aged rats, particularly during the preovulatory GnRH surge. The smaller size of neurons indicates diminished influence compared to larger-sized neurons. In addition, there is an increase in inhibitory tone by GABA signaling. Glial cells may also play a role in the regulation of GnRH release during reproductive aging. In the median eminence, tanycytes (green) become larger and lose their linear organization in middle-aged rats compared to young. In addition, the pericapillary boundary (red line) becomes more convoluted. Although not shown, other neural and glial changes occur during aging, including release of transforming growth factor (TGF) ␣ , and its effects on erb-B receptors on glial cells. Red lines (bottom) represent the portal capillary vasculature. Green features at the GnRH neuroterminals are tanycytes.
GnRH cell bodies reside in the preoptic area (POA) and rostral hypothalamus. In primates, most GnRH neurons are localized in the mediobasal hypothalamus. In both species, hypophysiotropic GnRH cells project their axons to the median eminence (ME) where they release GnRH into the portal capillary system leading to the anterior pituitary. Modulators of GnRH neuronal activity can act at the site of the GnRH cell bodies and/or the neuroterminals to regulate the synthesis or release of GnRH (reviewed in [27] ). There are myriad stimulatory and inhibitory inputs onto GnRH neurons. Here, we have chosen to focus the following discussion on excitatory (glutamate) and inhibitory (GABA) influences onto GnRH neurons with aging. We also provide some discussion for the potential role of the neuropeptide kisspeptin in this age-related process ( fig. 2 ) .
Glutamate
Glutamate is a ubiquitous neurotransmitter in the hypothalamus and the predominant excitatory neurotransmitter in the brain [59, 60] . It acts on GnRH neurons through N-methyl-D -aspartate receptors (NMDAR) [61] and non-NMDARs [62, 63] to stimulate GnRH gene expression [64] and GnRH/LH release [65] . The NMDAR is a ligand-gated ion channel, mainly composed of two obligatory NR1 subunits together with two members of the NR2 family (NR2a-d; reviewed in [66] ). During aging, the stimulatory effect of NMDAR activation on GnRH neurons decreases [53, 61, 67] . Studies indicate that a number of mechanisms at the post-translational level contribute to the decrease of NMDAR-induced activation of GnRH neurons. There is decreased phosphorylation of NMDAR subunits [68] , resulting in post-translational modifications to NMDAR functional properties. Changes in NMDAR subunit composition occur that attenuate its signaling [69] , and lower levels of glutamate are released from afferent projections [70] .
Changes in NMDAR gene expression have also been documented. A study was conducted to measure gene expression of NR1, NR2a and NR2b in the POA-anterior hypothalamus, the site of GnRH perikarya, in aging intact rats. Results showed that the NR1 subunit mRNA did not vary with age. However, middle-aged and old persistent estrous (acyclic) rats showed lower NR2a and NR2b subunit mRNA levels compared to regularly cycling middle-aged and young females [61] . A decrease in mRNA levels may indicate a decrease in the protein levels, suggesting there are fewer functional NMDARs with aging.
In the MBH, the site of GnRH terminals, all NMDAR subunit mRNA levels increased with aging, particularly in acyclic rats [61] . It is interesting to speculate whether this is a compensatory mechanism to maintain GnRH neuronal secretion at the level of the GnRH terminals or within regulatory interneurons. In a different study, middle-aged regularly cycling rats had decreased NR1 mRNA in the POA and ME/arcuate nucleus on proestrus [53] . The differences in findings from these two studies may be due to the region size sampled and RNA extraction techniques between the groups. Despite the divergent results, NMDA subunit gene expression was consistently disrupted in middle-aged rats, even before changes in estrous cyclicity were observable.
While measurements of mRNA levels are valuable indications of gene expression of the receptor subunits, these studies lack anatomical specificity of the expression of the NMDAR subunits. To determine NMDAR expression directly on GnRH neurons and whether there are changes with reproductive aging, the colocalization of NMDAR subunits and GnRH was studied using immunohistochemistry. An increase in colocalization of the NR2b subunit on GnRH perikarya occurred with aging, independent of cycle status [71] . NR2b-containing receptors open more slowly and less reliably than NR2a-containing receptors; this affects the activation of downstream signal transduction events [72, 73] . A change in the NMDAR stoichiometry to favor NR2b over NR2a levels may decrease the stimulatory effects of the NMDAR channel, contributing to the decreased excitatory drive to the GnRH neurons at middle age. This hypothesis is supported by a study that used ifenprodil, an NR2b-specific antagonist, to stimulate parameters of LH release in both young and middle-aged ovariectomized, estradiol-treated females [74] . Furthermore, NR1 subunit co-expression on GnRH cell bodies on proestrus varied with reproductive aging: 30% (young, regularly cycling), 19% (middle-aged, regularly cycling), 46% (middle-aged, persistent estrus) [61] . Because NR1 is the obligatory subunit for the functional NMDAR, a decrease in the expression of NR1 at middle-age would lead to a decrease in NMDAR excitatory signaling on GnRH neurons.
GABA
Few studies have studied the contribution of the main inhibitory neurotransmitter in the brain, GABA, during reproductive aging. However, the findings point to increased GABAergic signaling in the hypothalamus with aging. GABA neurotransmission in the POA as measured 7 by microdialysis was elevated during the LH surge of middle-aged (regularly cycling prior to ovariectomy) versus young ovariectomized, hormone-primed female rats [75] . Also, the dynamic changes of GAD67 mRNA expression, the rate-limiting enzyme in the synthesis of GABA, in the POA were not seen in middle-aged (persistent estrous prior to ovariectomy) versus young ovariectomized, hormone-primed female rats during the LH surge. Instead, GAD67 mRNA levels were elevated in middle-aged females compared to young [76] . An increase in the enzyme that synthesizes GABA in the POA may explain the increased GABA signaling at middle-age at the site of GnRH cell bodies.
GnRH cell bodies must integrate excitatory glutamatergic inputs and inhibitory GABAergic inputs. Glutamatergic and GABAergic cells that regulate GnRH neurons were identified by their close terminal contact to GnRH cell bodies through the labeling of vesicular glutamate transporter-2 (VGlut2) and vesicular GABA transporter (VGat), respectively. The number of terminal appositions to GnRH neurons was determined. VGlut2 terminal appositions were significantly increased and VGat appositions were decreased from diestrus to proestrus in young females. However, this pattern was not seen in middleaged regularly cycling rats. Instead both the density of VGat and VGlut2 terminals were increased in middleaged compared to young females [77] . This study shows that the proportion of excitatory to inhibitory stimulation onto GnRH neurons is shifted to favor inhibition at middle age.
To summarize these findings, there is a disruption of stimulatory signaling on GnRH neurons with aging. Decreased excitation on GnRH neurons may underlie the attenuated preovulatory GnRH/LH surge, as well as alterations in GnRH pulsatile release, seen at middle-age. There also appears to be increased inhibitory tone from GABAergic neurons, possibly resulting from a change in overall balance from excitatory to inhibitory neurotransmission.
Kisspeptin
Kisspeptin is a neuropeptide that is crucial for preovulatory GnRH release and the initiation of puberty [37] . Kisspeptin may stimulate GnRH/LH release in part by modulating the ratio of glutamate and GABA neurotransmission in the preoptic area, and signals through its G-protein coupled receptor 54 (GPR54) [78] . The few studies on kisspeptin and aging show changes in the expression of this important peptide in concert with reproductive decline.
Postmenopausal women show an increase in the number, size and gene expression of kisspeptin-positive neurons compared to premenopausal women in the infundibular nucleus [35] . Similarly, postmenopausal rhesus macaques showed elevated kisspeptin and GPR54 gene expression compared to premenopausal monkeys in the medial basal hypothalamus [79] . A recent study by Eghlidi et al. [46] also saw increased kisspeptin mRNA levels in perimenopausal rhesus macaques compared to premenopausal monkeys in the arcuate nucleus-median eminence. In these primate studies, the increased kisspeptin expression seen with aging/menopause is likely a consequence of the loss of negative steroid hormone feedback, due to decreased circulating ovarian hormone levels.
In the rat, kisspeptin is expressed in the arcuate nucleus, as with primates, but also in the AVPV in the anterior hypothalamus [80] . Kisspeptin gene expression in the anterior hypothalamus of middle-aged ovariectomized rats un-derwent a smaller increase during the steroid-induced LH surge than it did in young ovariectomized, hormoneprimed female rats [78] . Middle-aged females also have a reduced number of kisspeptin immunoreactive neurons in the AVPV compared to young during the LH surge [81] . Furthermore, kisspeptin infusion directly into the medial preoptic area restored the attenuated LH surge displayed in the middle-aged rats [78] . Thus, in rats there is a decrease of kisspeptin signaling and expression at middle-age, which corresponds to the attenuated GnRH surge on proestrus. The changes in kisspeptin signaling in the rat precede ovarian decline, and may play a causal role during the transition to reproductive senescence, whereas in humans, postmenopausal changes in kisspeptin appear to be secondary to ovarian decline. These species differences are important and must be borne in mind when translating data from the rodent to the human.
The evidence across species suggests that GnRH dysfunction during reproduction aging may be due, in part, to altered kisspeptin signaling. However, it is notable that these kisspeptin changes with aging appear opposite in rats and primates. These differences hearken back to agerelated changes in steroid hormone feedback onto GnRH neurons ( fig. 1 ) . In primates, loss of estradiol feedback is accompanied by an increase in GnRH and kisspeptin hypothalamic levels. In rodents, estradiol levels remain the same at middle-age until they increase in persistent estrous rats with the concomitant decline in GnRH and kisspeptin levels. It will be very important to extend this research to much more aged rats which have the transi-tion into persistent diestrus and low estradiol levels -and to relate GnRH and kisspeptin levels to those in the postmenopausal state in women.
Disrupted Steroid Hormone Receptor Expression during Reproductive Decline
The ovarian steroid hormones, estrogens and progestins exert broad and important effects on the brain and body. The HPG axis of adult spontaneous ovulators such as rodents and primates operates primarily under the influence of negative steroid hormone feedback. Only prior to ovulation does estrogen's influence switch to a positive feedback mechanism leading to the GnRH/LH surge. The effects of estrogens in the brain are mediated by the classical intracellular estrogen receptors (estrogen receptor (ER) ␣ and ␤ ) and the nonclassical membrane bound ERs [82] . Classical ERs belong to the steroid hormone nuclear receptor superfamily, which act as transcription factors to modulate the expression of different genes when activated [83] . Estrogens can feedback directly onto GnRH neurons via ER ␤ receptors or indirectly via ER ␣ / ER ␤ receptors through trans-synaptic or glial interactions (reviewed in [84] ).
ER gene expression is altered with aging in the rodent hypothalamus, as reported in the few studies conducted on ovarian-intact rats. ER ␤ mRNA levels were decreased in the cortex and showed disrupted rhythmicity and decreased levels in the supraoptic nucleus of middle-aged irregularly cycling and old females compared to young regularly cycling rats [85] . ER ␣ mRNA levels were also decreased in the periventricular preoptic nucleus of old rats compared to middle-aged irregularly cycling and young females [85] . Another study showed that in the POA, ER ␣ mRNA levels were unchanged between young and middle-aged rats, and were slightly higher in middleaged rats in the MBH [86] . That same study found that ER ␤ mRNA levels were lower in young than middle-aged rats in both POA and MBH, possibly affecting direct estradiol feedback onto GnRH neurons. These changes in ER gene expression may be indicative of altered steroid hormone feedback onto GnRH neurons with reproductive aging, in a tissue-specific manner.
Progestin receptors (PR) are also ligand (hormone)-dependent transcription factors that are distributed throughout the brain [87] . Middle-aged persistent estrous rats showed decreased PR mRNA in the AVPV, a brain region crucial to the preovulatory surge, compared to regularly cycling middle-aged and young rats on proestrus [88] . Interestingly, only middle-aged females that had been in persistent estrus long-term had decreased PR mRNA in the ventromedial hypothalamus and arcuate nuclei, both areas important for reproductive function [88] . Thus, female rats show an effect of time spent in senescence, indicating this is a factor that should be incorporated in future studies.
The research described above focused on mRNA levels of ERs and PR. There are limited numbers of studies evaluating protein expression and levels with aging. Madeira et al. [89] reported no difference in ER ␣ cell numbers and density in aging intact female rats. Other studies on agerelated changes in protein of these steroid receptors have focused on the OVX rat model with (or without) steroid replacement. Chakraborty et al. [90] showed relatively small changes in ER ␣ cell numbers measured by unbiased stereological counting, with ER ␣ cell numbers lower in middle-aged than young or aged rats in the AVPV and ventromedial nucleus (VMN), and no difference in medial preoptic nucleus (MPN) and arcuate nucleus. A companion study on ER ␤ cell numbers found a significant decrease with aging in the AVPV but no difference in the bed nucleus of the stria terminalis [91] . Interestingly, both ER ␤ and ER ␣ levels decreased in the AVPV with age. The decreased positive feedback during the preovulatory surge at middle-age may arise from altered steroid hormone expression in brain regions important for the initiation of the GnRH/LH surge, such as the AVPV. This work needs to be extended to the intact rat model to provide more information about natural changes in estrogen receptors with age.
Morphological and Glial-GnRH Neuron Interactions with Aging
GnRH neurons have a close physical relationship with glial cells, including astrocytes and specialized ependymoglial cells called tanycytes, allowing active cell-cell communication [92] [93] [94] . Glial 'end-feet' interact with GnRH terminals to regulate GnRH secretion into the portal capillary system [93] . These interactions are sensitive to gonadal steroids and show changes throughout the estrous cycle [95] [96] [97] . In ovariectomized rats, the relationship between glia and GnRH terminals becomes disorganized with aging, suggesting that ultrastructural changes in the median eminence (ME) may contribute to the altered GnRH signal with age [98, 99] . Overall, these data suggest that the ME is an important site of GnRH regulation, and its role in neuroendocrine aging needs to 9 be clarified, especially in models of the natural reproductive aging transition.
GnRH neurosecretion can be stimulated by glialneuronal interactions involving the production of epidermal growth factor-related peptides (reviewed in [92] ). The members of this family that modulate GnRH release are TGF ␣ and neuregulin-1 ␤ . Both peptides elicit GnRH secretion indirectly via the activation of tyrosine kinase receptors (erbB1 and erbB4, respectively, with the co-receptor erbB-2) located on astrocytes and tanycytes [93, 100, 101] . On the afternoon of proestrus, middle-aged irregular cycling rats demonstrated a delayed decrease in erbB-4 mRNA levels in the ME-arcuate nucleus, and an attenuated erbB-4/-2 peak in the POA, compared to young females [102] . Similarly, middle-aged irregularly cycling rats showed a delayed erbB-1 mRNA peak in the ME-arcuate, and did not show the same increase in the POA, compared to young rats on proestrus [103] . This attenuation likely contributes to the decrease in GnRH surge, given the role glia play in the modulation of GnRH secretion into the portal capillary vasculature of the ME.
The anatomical localization of erbB mRNAs have also been examined in the context of aging. In the organum vasculosum of lamina terminalis (OVLT), where the GnRH cell bodies reside, young females showed higher cell labeling of erbB-4/-2. In the arcuate nucleus, erbB-4 labeling was highest in middle-aged irregularly cycling females, whereas erbB-2 labeling was highest in young females [102] . ErbB-1 labeling was higher in young females in both the OVLT and POA [103] . These results indicate that there is a disruption of glial-neuronal signaling with reproductive aging in the hypothalamus.
Using Natural Reproductive Aging to Model the Postmenopause
In humans, gonadotropins, and presumably GnRH, increase during the menopausal transition, probably due to the decrease in steroid negative feedback as the ovarian follicles become atretic. With greater age post-menopause, this negative feedback regulation declines, resulting in some differences in the HPG axis between young and older menopausal women [16, 17, 104, 105] . In addition, the results of the Women's Health Initiative (WHI) study on postmenopausal hormone treatments have caused a revisitation of the importance of age, time post-amenorrhea, and other factors (e.g. BMI) in deciphering whether or not to take postmenopausal hormones to treat health effects resulting from diminished estrogens [106, 107] .
This later timing during the lifespan also relates to female rats, which continue to display neuroendocrine changes after middle age. At around 17 months of age, female rats transition to a state of persistent diestrus characterized by predominantly leukocytic vaginal smears [29] . Serum FSH levels increase [108] and estradiol levels decrease [89] as the aged female rat population transitions from persistent estrus to a state of persistent diestrus. This appears to be much closer to the postmenopausal condition in humans. In old (about 22 months) rats with persistent diestrus, GnRH gene expression was increased [61] , consistent with the observation that GnRH mRNA levels were higher in postmenopausal than premenopausal women [109] . These data show the potential opportunity to exploit the persistent diestrous rat model of natural menopause, something that has been done very little, probably due to high costs of animal care and mortality of aging rats.
Summary and Future Directions
Overall, rat work modeling the natural transition to reproductive senescence provides strong evidence that the hypothalamic neuroendocrine system that modulates GnRH function is disrupted. Excitatory inputs onto GnRH neurons, such as glutamate and kisspeptin, decrease at middle age. In addition, inhibitory tone increases, shifting the balance to favor decreased GnRH neuronal activation on proestrus. Decreased positive feedback from estrogens also contributes to the loss of GnRH activation, as both ER ␤ and ER ␣ expression in the hypothalamus is altered. At the site of the GnRH terminals in the ME, there are age-related changes in the glial-neuronal interactions. The ultrastructural relationship between glia and GnRH terminals becomes more disorganized, and glia signaling through tyrosine kinase receptors is disrupted at middle age. However, it must be noted that these ultrastructural data came from ovariectomized rats -further work is necessary in the intact model. At least in the rodent, these changes may play a causal role in reproductive decline.
We were unable to discuss all of the potential neuroactive factors whose regulation of GnRH may play a role in reproductive aging. Of great interest to us are those factors that mediate signals between energy balance and reproduction, functions both regulated by the hypothalamus. Leptin, insulin-like growth factor-1 (IGF-1), NPY, melano-cortins and many other factors (including kisspeptin, discussed above) are future targets for such research. Considering that reproductive aging is often associated with metabolic dysregulation, this is a crucial area for future research with high translational relevance to women's health.
